The methylotrophic yeast Kloeckera sp. 2201 was grown in carbon-limited chemostat cultures with glucose and/or methanol as the carbon sources, to investigate the regulation of the synthesis of enzymes involved in the tricarboxylic acid (TCA) cycle and the electron transport chain.
INTRODUCTION
In all methylotrophic yeasts tested so far, methanol is dissimilated by a linear pathway via formaldehyde and formate (S-formylglutathione) to give COz (Sahm, 1977) by alcohol oxidase, formaldehyde dehydrogenase and formate dehydrogenase. This linear sequence seems to be the major route of C, dissimilation in these yeasts even though formaldehyde could theoretically be oxidized via the pentose phosphate cycle or the TCA cycle (van Dijken et al., 1981 ; Egli et al., 1982). In contrast to bacteria, yeasts derive no biologically useful energy from the oxidation of methanol to formaldehyde (hydrogen peroxide is produced in this reaction) and NADH needed for the synthesis of ATP is provided mainly by the two NAD-dependent dehydrogenases. Growth of methylotrophic yeasts with methanol is characterized by low growth yields and long generation times. The detection of the energetically expensive xylulose monophosphate cycle of formaldehyde fixation (van Dijken et al., 1978), which seems to be a feature of all methylotrophic yeasts (Babel & Lomagen, 1979; Kato et al., 1979) , partly explained these growth characteristics and confirmed the theoretically predicted influence of the assimilatory pathway on the growth yield in methylotrophs ; Anthony, 1978; Harder et al., 1981) . Although these authors also stressed the importance of the efficiency of energy conservation on these parameters, little is known about the influence of the substrate methanol on mitochondria in general, and the composition of the respiratory chain in particular, in methylotrophic yeasts. Methanol as a carbon and energy source creates a rather unique metabolic situation in yeasts, the bulk of NADH needed for the synthesis of ATP being generated outside the mitochondria by the two cytoplasmic dissimilatory dehydrogenases. This is not the case when the organism grows with other carbon sources, where reducing equivalents are mainly generated inside the mitochondria by the enzymes of the TCA cycle. During growth of yeasts with methanol the TCA cycle, therefore, is thought to be used mainly for biosynthetic purposes. Furthermore, since in bacteria an increase in growth yield is related to the presence or absence of cytochrome c (Jones et al., 1977) , it was decided to investigate the role of the enzymes of the TCA cycle and the respiratory chain in the methylotrophic yeast Kloeckera sp. 2201 growing on methanol and glucose.
METHODS
Organisms and cultivation. Kloeckera sp. 2201 [this yeast was reported to be a strain of Candida boidinii (Lee & Komagata, 1980) ] was cultivated under carbon limitation in chemostat culture on a synthetic medium with glucose, methanol, or glucose/methanol mixtures as the limiting substrates, as described previously (Egli, 1980; Egli & Fiechter, 1981) . The growth temperature was 30°C and the pH was held constant at 5.0.
Preparation of cell extracts. Cells were harvested and broken up as described previously (Egli et al., 1983) . The supernatant after centrifugation at 2000g for 20 min at 4 "C was used as cell extract for all enzyme assays.
Enzyme assays. All assays were carried out at 30°C using a Pye Unicam SP-400 spectrophotometer. The following enzymes were assayed according to previously published methods : aconitase (EC 4.2.1.3 ; Racker, 1950) , citrate synthase (EC 4.1.3.7; Knopfel, 1972) Green & Ziegler, 1963) and succinate :cytochrome c oxidoreductase (EC 1 .3.99.1; Mackler et al., 1962) . Glycerol-3-phosphate dehydrogenase (EC 1.1.1.8) was assayed in two ways: firstly by the method of Gancedo et al. (1968) and secondly with essentially the same assay mixture but in the reverse direction by supplying NAD+ and various concentrations of glycerol 3-phosphate as substrates. Both glycerol-3-phosphate dehydrogenase assays worked when purified enzyme (from bakers' yeast; Boehringer) was added in the presence or the absence of cell-free extracts from methanol-or glucose-grown Kloeckera sp. 2201.
Cytochrome spectra. Cytochrome oxidized-minus-reduced spectra were recorded on a Unicam SP 1 800 spectrophotometer in a 1 cm light path cuvette using the turbid solution cuvette position. The slit width was 0.6 mm. Whole cells or mitochondria in the sample cuvette were reduced with a few crystals of sodium dithionite. The content of the reference cuvette was oxidized with 10 p1 H2O2 solution (approx. 30%, w/w). The cytochrome content of both whole cells and mitochondria was calculated according to Williams (1964) using the molar absorption coefficients of Gmunder (1979) which are at the corresponding pairs of wavelengths :
Isolation of mitochondria. A mitochondria1 fraction devoid of peroxisomes was prepared from methanol-grown cells of Kloeckera sp. 2201 in the following way. Protoplasts were prepared from harvested cells using the short time method described by Dziengel et al. (1977) except that the cells (5 g wet wt + 15 ml buffer) were incubated for 45 min at 30 "C in the presence of Zymolyase 5000 (Kirin Brewery, Research Laboratories, Takasaki, Japan). Both ghosts and protoplasts were collected by centrifugation for 5 min at 10000 g and washed three times with hypertonic medium (0.05 M-KH,PO, buffer pH 7.5,3.0 M-sorbitol, 0.01 M-MgSO,. 7H20). The washed pellet was resuspended in 15 ml hypotonic medium (0.05 M-KH~PO, buffer pH 7.5, 0-5 M-sorbitol, 0-01 M-MgSO,. 7H,O). These protoplasts were quite stable to osmotic lysis and had to be sonicated for 5 s to achieve efficient lysis. Ghosts and debris were separated from organelles by centrifugation for 10 min at 850g. Organelles were collected (20 min at 27000g and resuspended in 2 ml sorbitol buffer (0.65 M-sorbitol, 0.05 M-KH~PO, pH 7.5, 0.01 MMgS0,. 7H20). Separation into a mitochondrial and a peroxisomal fraction was achieved by centrifugation on a discontinuous sorbitol gradient (60-30% sorbitol in 5% steps) for 3 h at 60000g. Protein. Protein in cell extracts was measured using the Lowry method with bovine serum albumin as the standard. For protein measurement in the presence of sorbitol, standard curves were produced for the appropriate sorbitol concentrations.
Mitochondria1 activities in a methanol
Enzyme Units. All enzyme specific activities are expressed as the rate of substrate consumption (or product formation) per unit of protein (pmol min-' mg-l).
NAD+ and NADH determinations. The concentrations of intracellular NAD+ and NADH were measured as described by Polakis & Bartley (1966) .
Calculation of NADH produced. The amount of NADH that can theoretically be produced as a function of the growth substrate was calculated via the average growth yields [0.36 g biomass (g methanol)-' and 0.55 g biomass (g glucose)-' ] and the average cell composition reported to be C4H7O2N0., by as shown in Fig. 1 . It was assumed that all the dissimilated carbon gave rise to reducing equivalents via the established pathways, i. e. glycolysis and TCA cycle for glucose and the linear dissimilatory sequence via NAD+-dependent formaldehyde and formate dehydrogenases for methanol. It was also assumed that cell carbon is assimilated at the level of glyceraldehyde 3-phosphate (see also . The implications of this assumption are discussed below.
R E S U L T S
Enzyme speciJic activities in Kloeckera sp. 2201 The specific activities of TCA cycle and respiratory chain enzymes were measured as a function of the composition of the glucose/methanol mixture of the inflowing medium in cells of Kloeckera sp. 2201 growing at a constant dilution rate of 0.14 h-' (Fig. 2) . For the four TCA cycle enzymes citrate synthase, isocitrate dehydrogenase (NADP+-dependent), aconitase and fumarate hydratase an increasing repression was observed when the ratio of methanol to glucose in the supplied mixture was increased. This effect was most pronounced for citrate synthase : compared with glucose-grown cells, its specific activity dropped to 17% when the cells utilized methanol as the carbon source. The specific activities of isocitrate dehydrogenase, aconitase and fumarate hydratase were reduced in methanol-grown cells to 30-40% of those in glucose-grown cells. For malate dehydrogenase, an enzyme present in the cytosol as well as in mitochondria (Brandli, 19801 , no obvious repression was detected and specific activities found in methanoland glucose-grown cells did not differ markedly. Raising the proportion of methanol in the carbon source mixture also caused a progressive decrease in the specific activities of the respiratory chain enzymes NADH : cyt c oxidoreductase, cyt c oxidase and succinate : cyt c oxidoreductase. Succinate : cyt c oxidoreductase was repressed to the greatest extent with a specific activity in methanol-grown cells equivalent to only 40% of that found in glucose-grown cells. Similarly, the specific activities of NADH :cyt c oxidoreductase and cyt c oxidase were reduced to approximately 60% in methanol-grown cells.
Cell extracts from Kloeckera sp. 2201 grown under the conditions described above were also assayed for activities of enzymes which could take part in shuttle systems to transport extramitochondrially generated reducing equivalents into the organelles for oxidation. Activity of the enzyme responsible for the glycerol 3-phosphate shuttle, i.e. glycerol-3-phosphate dehydrogenase, was not detected in cell extracts of Kloeckera sp. 2201. Attempts to assay this enzyme with either dihydroxyacetone 3-phosphate or or-glycerol 3-phosphate as the substrate failed to detect any activity. Both assays, however, worked in the presence of cell extract from Kloeckera sp. 220 1 when purified glycerol-3-phosphate dehydrogenase from bakers' yeast was added to the assay mixture. It was therefore concluded that this enzyme was either absent from this organism, or present only at very low activities [<0.002pmol (mg protein min)-l]. Increasing the ratio of methanol to glucose in the experiment described above resulted in a linear increase in the specific activity of glutamate : oxaloacetate transaminase -the second enzyme involved in the malate-aspartate shuttle in addition to malate dehydrogenase -from 0-14 pmol (mg protein min)-I in cells grown with glucose only, to 0.26 pmol (mg protein min)-l in cells grown with methanol as the sole carbon source.
Cytochrome spectra of whole cells and mitochondria Reduced-minus-oxidized cytochrome spectra of whole cells of Kloeckera sp. 2201 grown in chemostat culture under carbon limitation at a dilution rate of 0.14 h-1 were measured as a function of the Cl/C6-mixture composition in the inflowing medium. When the cells were grown with glucose as the sole carbon source, normal cytochrome spectra were observed (Fig.  3a, I ). When mixtures of methanol and glucose were supplied to the cells, increasing the proportion of methanol (up to 10.3% c1 /89.7% c6) resulted in an apparent increase of the cyt b versus cyt c content of the cells (Fig. 3a, I1 and 111 ). The figures for the cytochrome content of these cells in Table 1 support this observation and also show that in cells grown with these mixtures, increasing the methanol component did not affect the cyt aa3 content, although the content of cyt b, and to a lesser extent cyt c, increased markedly.
For cells grown with C1 /c6 mixtures containing more than approximately 15% methanol, distorted oxidized-minus-reduced cytochrome spectra were found (Fig. 3a, IV Fraction no. such spectra indicated low contents of cyt b and cyt c -but not cyt aa3 -in the cells. The figures in Table 1 for cytochrome contents of cells grown with more than 10% methanol are given in parentheses because -as will be shown -they probably did not reflect the real cytochrome composition of mitochondria in the cells. It is well known that during growth of methylotrophic yeasts with methanol as the carbon source peroxisomes are formed which contain the two enzymes alcohol oxidase and catalase (e.g. van Dijken et al., 1975; Fukui et al., 1975) . Both enzymes can be reduced and oxidized showing absorbance differences in the range of 400-600 nm (van Dijken, 1976) . In order to investigate whether or not the observed distorted cytochrome spectra were due to the presence of alcohol oxidase and catalase in the cells it was decided to separate mitochondria from peroxisomes. The Mitochondria1 actitities in a methanol-yeast 3245 separation on a sorbitol gradient is shown in Fig. 4 where the marker enzymes for mitochondria and peroxisomes were cytochrome c oxidase and alcohol oxidase, respectively. Fractions 2, 3 and 4 were collected and washed once more with 0-65M-sorbitol buffer. In the resulting mitochondrial fraction, neither alcohol oxidase nor catalase activity could be detected. This was confirmed by electron microscopy -no peroxisomes were observed in this fraction. Cytochrome reduced-minus-oxidized spectra of the mitochondrial fraction from glucose-and methanolgrown cells of Kloeckera sp. 2201 are shown in Fig. 3 (b) . For glucose-grown cells no significant difference in the cytochrome spectra obtained from whole cells (Fig. 3a, I ) and the mitochondrial fraction (Fig. 3 b, I ) was observed. However, cytochrome spectra from methanolgrown cells (Fig. 3a, V) and the mitochondrial fraction from cells grown on this substrate (Fig.  3 b, 11 ) differed considerably in that the peaks of cytochromes aa3 and b became clearly visible in the mitochondrial fraction at 605 and 552nm, respectively. Additionally, the absence of a pronounced cytochrome c peak was noticed in mitochondria from methanol-grown cells. The cytochrome contents and the ratios of cytochromes in whole cells and mitochondrial fractions of Kloeckera sp. 2201 grown in carbon (glucose and/or methanol) -limited chemostat culture are summarized in Table 1 . The results show that the cytochrome content of glucose-grown cells increased by approximately 15% when the dilution rate was changed from 0.10 h-' to 0.14 h-l. The ratio of cytochromes, however, was independent of the growth rate (aa3 : b : c 2: 1 : 1.27 : 2.27).
Compared to glucose-grown cells and their mitochondria, where a cytochrome ratio of approximately aa3 : b : c = 1 : 1.25 : 2.25 was found, the content of cytochrome c in relation to cytochromes aa3 and b was considerably lower in mitochondria from methanol-grown cells (aa3 : b : c = 1 : 1.26 : 0-84). In contrast to cytochrome c, the relative amounts of cytochrome aa3 to cytochrome b were independent of the growth substrate and their ratio remained aa3 : b = 1 : 1-25. Furthermore the different cytochrome ratios obtained for whole cells (1 : 0.63 : 0.75) and the mitochondrial fraction (1 : 1.26 : 0.84) clearly demonstrate the influence of the presence of peroxisomes on the cytochrome reduced-minus-oxidized spectra. Because of this interference and the fact that the mitochondrial fractions isolated from glucose-and methanol-grown cells might have been contaminated to a different extent by protein containing non-mitochondria1 particles, the actual cytochrome content of methanol-grown Kloeckera sp. 2201 can not be determined quantitatively from the results presented here. Whether or not the lower ratio ofcyt c to cyt aa3 found for mitochondria from methanol-grown cells was caused by excessive loss of cyt c during the isolation procedure (due to changed membrane properties) cannot be decided from the results reported in this paper. No such effect was observed during isolation of mitochondria from glucose-grown cells.
DISCUSSION

Enzyme acticities and cytochrome spectra
The flux of carbon through the TCA cycle should be higher during growth on glucose than on methanol, since the cycle will be functioning as a source of both energy and biosynthetic intermediates on the former substrate, and only as a source of biosynthetic intermediates during growth on the latter substrate. The observed gradual repression of the specific activities of TCA cycle enzymes with increasing proportions of methanol in the C1 /C, mixture supplied is fully consistent with this prediction (Fig. 2) . We found that the specific activities of malate dehydrogenase and the enzymes of the respiratory chain, i.e. NADH :cyt c oxidoreductase, succinate : cyt c oxidoreductase and cyt c oxidase, were only slightly repressed under methanollimited growth conditions (Fig. 2) . This observation is in contrast to the results of Schlanderer et al. (1978) , who found a two-to threefold enhancement in the specific activities of these enzymes when Candida boidinii variant 60 -a strain derived from Kloeckera sp. 2201 -was grown on methanol rather than glucose. Their results, however, could well be due to the high residual concentrations of glucose in their chemostat (0.50 g 1-l at D = 0.064 h-l) since in yeast high glucose concentrations repress the synthesis of both TCA cycle and respiratory chain enzymes (Knopfel, 1972) . The residual glucose concentrations in the experiments described in this paper T H . EGLI A N D N . D . LINDLEY were always below the detection limit for glucose, which was 2 mg 1-l. For further details see Egli et al. (1983) .
The results presented here clearly demonstrate the influence of peroxisomes, present in methanol-grown cells, on the measurement of cytochrome oxidized-minus-reduced spectra in whole cells (Fig. 3, Table 1 ). A similar formation of peroxisomes along with the synthesis of catalase takes place in alkane-utilizing yeasts (for a summary see Fukui & Tanaka, 1980) . In contrast to our experience with methanol-grown cells of Kloeckera sp. 2201, several workers were able to measure cytochrome oxidized-minus-reduced spectra on whole cells of alkaneutilizing yeasts without interference (e.g. Skipton et al., 1974; Gmiinder, 1979) . Since catalase is present in peroxisomes from both methanol-and alkane-grown yeasts, the observed interference is most likely to be due to the presence of the FAD-containing enzyme alcohol oxidase in peroxisomes from methanol-grown cells rather than the catalase.
The present study shows that the composition of the respiratory chain was influenced by the growth substrate such that the amount of cytochrome c relative to cytochrome aa3 and b was significantly lower in methanol-grown cells compared to cells grown at the same dilution rate with glucose as the carbon and energy source. It remains to be elucidated what the physiological explanation is for this repression of the synthesis of cytochrome c and in what way it influences the efficiency of oxidative phosphorylation. In yeasts the number of phosphorylation sites can alter in response to the environmental conditions (see Light, 1972; Aiking et al., 1977) and there is some evidence that the same might happen in bacteria (van Verseveld et al., 1979) . Furthermore, it was shown by Jones et al. (1 977) that in bacteria the presence of phosphorylation site 111 was dependent on the presence of cytochrome c and this again was reflected in the growth yield with respect to oxygen or dissimilated carbon source. However, from the cytochrome contents of yeasts reported to have either two or three sites of phosphorylation depending on the growth conditions (Light, 1972; Aiking et al., 1977) , no obvious relations between respiration chain composition and number of oxidative phosphorylation sites can be worked out.
Evaluation of cytoplasmic NADH production
The amount of NADH produced outside the mitochondria during growth of methylotrophic yeasts with glucose or methanol can be roughly calculated from the known growth yields for these substrates ( YXic, z 0.36, YXic, 2: 0.55; Egli et al., 1982) and the average cell composition (C,H702N0.6 ; , assuming that these substrates are metabolized via the established pathways, i.e. glycolysis/TCA cycle in the case of glucose and XuMP cycle/linear dissimilatory sequence from formaldehyde to C 0 2 for methanol (Fig. 1) . The ratio of extramitochondrially produced NADH during growth with methanol versus growth with glucose is in the range of [8] [9] [10] [11] [12] [13] [14] [15] . The latter value is found if it is assumed that carbon is incorporated into cell mass at the level of glyceraldehyde 3-phosphate . If, however, one considers the average composition of a yeast cell growing under carbon limitation to consist of 50% protein, 30% carbohydrates, 10% nucleic acids and 10% lipids (Aiba et al., 1965; Janshekar, 1979; Egli, 1982) , so that approximately 60% of the cell carbon is assimilated at the level of either pyruvate (synthesis of amino acids), acetyl-CoA (lipids) or intermediates of the TCA cycle (mainly amino acids), the first figure is obtained.
An overall balance of NADH produced per unit of cell mass can be estimated if one assumes that all the dissimilated substrate (31% and 52% of the carbon in the case of glucose and methanol, respectively) gives rise to reducing equivalents. It shows that in methanol-grown cells the rate of NADH produced per unit of biomass is approximately three times that of glucosegrown cells. The above calculations clearly demonstrate that, in the case of glucose and methanol, the metabolic task of mitochondria is strongly dependent on the growth substrate. Although the intracellular concentrations of NAD+ and NADH do not necessarily reflect the flux of reducing equivalents within the cells, it is noteworthy that the measured intracellular concentrations of NAD+ and NADH are in accordance with the above theoretical calculations. In Kloeckera sp. 2201 growing at a dilution rate of 0.10 h-' the concentrations of NAD+ and NADH were 9.4 f 1.5 and 4.4 f 0.3 lmol (g cell dry wt)-' (n = 4) when methanol was the carbon source. The corresponding values measured in cells growing with glucose were 4.0 f 0-6 and 4-4 & 1-4pmol (g cell dry wt)-', respectively (n = 4).
Oxidation of cytoplasmic NADH
From the literature, two ways are known to handle cytoplasmic NADH. Firstly, in contrast to mitochondria in mammalian cells, these organelles isolated from yeast, fungi or plants can oxidize externally added NADH (Ohnishi, 1966a; Hall & Greenawalt, 1967; Watson & Smith, 1967; Dawson, 1979; Palmer & Msller, 1982) even though their inner membrane is impermeable to this coenzyme (von Jagow & Klingenberg, 1970) . This oxidation is brought about by an additional, rotenone-insensitive NADH dehydrogenase located on the outer surface of the inner mitochondrial membrane (von Jagow & Klingenberg, 1970) . This reaction yields a maximum of 2 ATP because the reducing equivalents from NADH bypass phosphorylation site I and are directly transferred to ubiquinone (Ohnishi et al., 1966a, b ; Schatz & Racker, 1966; Palmer & Msller, 1982) . The second way of oxidizing NADH produced in the cytoplasm is to transport the reducing equivalents into the mitochondria by means of shuttle systems. Several different NADH shuttles are known from the literature but their in viuo significance still awaits further clarification (for a summary see Dawson, 1979) .
From the significant differences in the rates of cytosolic NADH production during growth with glucose or methanol, one would expect induction or derepression of an enzyme involved in the oxidation of NADH or in an operating shuttle system for NADH in cells growing with methanol similar to the enzyme patterns found for the assimilatory and dissimilatory enzymes of C1 metabolism (Egli et al., , 1983 . However, the enzymic data presented here show no evidence for the induction of either the glycerol phosphate or the malate-aspartate shuttle systems. The same is true for the ethanol-acetaldehyde shuttle system proposed by von Jagow & Klingenberg (1970) , since the specific activity of alcohol dehydrogenase was found to be similar in glucose-and methanol-grown methylotrophic yeasts (Sahm & Wagner, 1973; Ogata et al., 1975) . Although NADH :cyt c oxidoreductase in Fig. 2 (which is the sum of both external and internal NADH dehydrogenase) does not show the specific activity pattern typical for enzymes involved in methanol metabolism, enhanced synthesis of an external NADH dehydrogenase in response to methanol cannot be ruled out. For the yeast Candida utilis it was found that the activity of internal NADH dehydrogenase was 10 times that of the external enzyme (J. P. van Dijken, personal communication). Possibly, the activity pattern of the external NADH dehydrogenase was masked by high activities of their internal NADH dehydrogenase. The amount of methanol oxidized to COz in the course of reaction (1) and the NADH formed thereby was calculated from the experimental growth yield for methanol and is given in eqn (2). Subsequently NADH is oxidized via the respiratory chain and ATP is produced with an unknown efficiency (eqn 3). It is obvious from the three equations that overall 10489 molecules of NADH are generated during growth of the cells with methanol, whereas at the same time 5496 ATP are consumed for assimilatory purposes. From the figures above it is evident that -assuming two sites of oxidative phosphorylation for cytoplasmic NADH -even an efficiency of the ATP generating system as low as 30% could theoretically ensure the supply of energy for biosynthesis in methylotrophic yeasts.
Eficiency of oxidative phosphorylation
The regulation of the enzymes of the TCA cycle and the respiratory chain described in the present paper is in accordance with their metabolic role under the described growth conditions. The results show that methylotrophic yeasts are well suited to study the influence of the extramitochondrial generation of NADH on the composition of the mitochondrial respiratory chain, e.g. one would expect induction or derepression of an external NADH dehydrogenase system in T H . EGLI AND N . D . LINDLEY methanol-grown cells, together with the regulation of the number of phosphorylation sites and efficiency of oxid at i ve phosphor y la t ion.
